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The aim of this work is to investigate the effect of a temperature increase on the behaviour of adult 
zebrafish (Danio rerio) maintained for 21 days at 34 °C (treatment) and 26 °C (control). The temperatures 
chosen are within the vital range of zebrafish and correspond to temperatures that this species 
encounters in the natural environment. Previous results showed that the same treatment affects the 
brain proteome and the behaviour of adult zebrafish by producing alterations in the proteins involved 
in neurotransmitter release and synaptic function and impairing fish exploratory behaviour. In this 
study, we have investigated the performance of treated and control zebrafish during environmental 
exploration by using four behavioural tests (novel tank diving, light and dark preference, social 
preference and mirror biting) that are paradigms for assessing the state of anxiety, boldness, social 
preference and aggressive behaviour, respectively. The results showed that heat treatment reduces 
anxiety and increases the boldness of zebrafish, which spent more time in potentially dangerous areas 
of the tank such as the top and the uncovered bright area and at a distance from the social group, thus 
decreasing protection for the zebrafish. These data suggest that the increase in ambient temperature 
may compromise zebrafish survival rate in the natural environment.
Temperature is an abiotic parameter that is critical for animals, particularly for ectotherms whose body tem-
perature depends on the environmental temperature. A vast literature from the 1800s shows the importance of 
temperature in the life of fish1. Temperature has been defined as the “abiotic master factor” for fish2 because it is 
one of the most important water parameters that affects fish biology, and for this reason, it must be considered in 
research and aquaculture to ensure animal welfare3,4. Variations in environmental temperature strongly affect fish 
biology not only by influencing growth, reproduction, spontaneous activity and metabolism5, as is well known for 
ectothermic animals, but also by affecting neurochemical parameters and behaviour6–8.
A common response of fish to temperature variation is the migration to habitats with more suitable temper-
atures9,10. However, if a fish cannot reach a habitat with optimal thermal conditions due to natural or anthropo-
genic factors11,12 or due to the loss of this habitat as a result of climate change, it will experience this temperature 
as stressful, which will activate compensatory mechanisms to restore homeostasis. Acute exposure (hours or days) 
to sub-optimal temperature results in a stress response, whereas longer-term exposure (weeks or months) results 
in an acclimatization response10.
Teleosts are widely used in ecological, behavioural and neurobehavioural studies since several lines of evi-
dence have demonstrated that complex behaviours such as anxiety, aggression, learning and memory are con-
served throughout the vertebrates13,14 and that behavioural indicators can be used to monitor environmental 
contamination7 and evaluate the impact of sublethal doses of pollutants15 on fish survival16. Therefore, given 
their ecological and economic importance, teleost fish are relevant models for studying the effects of short- and 
long-term thermal variation17,18.
Zebrafish (Danio rerio) are one of the species most used in research in fields ranging from developmental biol-
ogy to neurobehaviour19,20 and ecotoxicology21,22. Zebrafish can also be conveniently used for studying the effects 
of thermal variation given its wide thermal tolerance (6.7 to 41.7 °C)23,24. Wild zebrafish inhabit slow-moving or 
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standing water basins characterized by rapid daily (0.1–5.6 °C)25 and seasonal (6 °C in winter to above 38 °C in 
summer) variations in temperature26. This makes it possible to acclimate experimental animals to high or low 
temperatures in aquaria while still remaining in the range tolerated by the animal.
With the aim of investigating the impact of thermal variation on the nervous system and zebrafish behaviour, 
we have recently analysed the effects of temperature on the brain proteome of adult zebrafish exposed for 21 days 
to low (18 °C) and high (34 °C) temperatures and provided evidence that the thermal treatment up- or downreg-
ulates the expression of proteins involved in cytoskeletal organization, mitochondrial regulation, energy metab-
olism and synaptic functioning in the central nervous system (CNS)8. Behavioural tests performed in the same 
study using a Y-Maze apparatus also revealed significant alterations in zebrafish behaviour that could be related 
to the impairment of specific cognitive abilities caused by thermal treatment8.
Thus, the aim of the present study is to further investigate the effect of exposure to high temperature (34 °C) 
for 21 days on behaviours related to anxiety, boldness, aggression and social preference in zebrafish. Four experi-
mental paradigms were used: the novel tank diving test (NTT), the light and dark preference test (LDT), the social 
preference test (SPT) and the mirror biting test (MBT). These tests, which are widely used in adult zebrafish, are 
based on the innate behaviours of the animal and allow the identification of behavioural variation following spe-
cific treatments. The NTT and LDT are based, respectively, on geotaxis and scototaxis27. The first test is the ana-
logue of the open field test in rodents and is based on the innate escape “diving” behaviour of zebrafish in novel 
environments, whereas the second test is based on the innate tendency of adult zebrafish to prefer dark regions 
with respect to brightly lit areas. The SPT and NBT are used to assess the social behaviour phenotype in adult 
zebrafish28. The first test is based on the social nature of the zebrafish, which exhibits a strong social preference 
for swimming in a group when placed in a tank with conspecifics, whereas the second test is an experimental 
paradigm for assessing zebrafish boldness and aggressive behaviour. This test is based on the behavioural reaction 
that is stimulated by the image reflected in a mirror, to which the zebrafish can respond aggressively by biting it. 
The battery of four tests used in this study allows the evaluation of the impact of a thermal increase on the animal’s 
anxiety and boldness.
Methods
ethical note. Animal experiments were performed in accordance with the guidelines approved by the 
Animal Care Committee and authorized by the Italian Ministry of Health (protocol number 290/2017-PR), and 
the animals were handled in accordance with the European directive 2010/63 on the protection of animals used 
for scientific purposes. The health status and the well-being of all animals involved in the study were checked daily 
for the duration of the thermal treatment and the subsequent behavioural tests. No procedures caused significant 
pain or lasting harm to the zebrafish, and no experimental subject died during the experimental procedures (fish 
housing, heat treatment and behavioural tests).
Subjects. A total of 30 experimentally naïve adult (12 months old) zebrafish (50:50 male:female, mean mass 
0.3 g) belonging to the same strain (AB) were obtained from a stock colony housed in the zebrafish facility of the 
University of Bologna. According to standard procedures, the zebrafish were housed at 26 ± 1 °C in a stand-alone 
rack system with transparent polycarbonate tanks and a dedicated water supply29. The zebrafish were raised and 
manipulated equally under a 14/10 hour light/dark photoperiod (light 6 am-8 pm).
The number of experimental subjects was chosen, given the reduction criteria, on the basis of data in the liter-
ature suggesting that in zebrafish, significant data may be obtained with n = 12–15 per group for strong effects30.
thermal treatment. Zebrafish were randomly transferred into two home tanks (15 individuals per tank, 
density of 1 zebrafish/l) and maintained at 26 °C (control temperature) for 10 days to acclimate them to the 
tank (adaptation period). The water temperature was then gradually raised in one tank from 26 °C to 34 °C over 
72 hours. The treated zebrafish were then maintained at 34 ± 1 °C for 21 days (thermal treatment), and the control 
fish were maintained at 26 ± 1 °C.
Fish husbandry during adaptation and thermal treatment. Zebrafish husbandry was based on the 
same protocol used previously8, and all procedures were conducted in the same laboratory room using the same 
home tanks and housing conditions previously described. Briefly, two identical glass home tanks (width (W) 
40 x depth (D) 30 x height (H) 30 cm) were used. The interior enrichment of each tank (consisting of a heating 
coil, inlet and outlet pipes for the filters and an aerator) was replicated exactly. The water used throughout the 
experimental phase was produced by reverse osmosis pumps (Reverse Osmosis AquiliOS2) and maintained at the 
appropriate salinity by adding aquarium salt (1 g/l, Aqua Medic 301.01). In each tank, a constant flow of filtered 
water (600 l/h) was maintained by an external filtration system (Eden 511 h), and the water was also continuously 
aerated (7.20 mgO2/l) by an aquarium aerator (SicceAIRlight, 3300 cc/min 200 l/h). The water temperature was 
held constant by digital thermostats (Eden 430) connected to a heating coil (Eden 415, 230 V, 50/60 Hz, 80 W) and 
checked daily using an analogue thermometer.
The main chemical/physical characteristics of the tank water were checked at least two times per week using 
a Sera Aqua-test Box Kit (Sera, Italy) and an eSHa Aqua Quick Test (Nayeco, Spain). No differences were found 
between the treatment and control tanks. Total ammonia (NH3/NH4) and nitrite (NO2) were not detected (i.e., 
remained below the detection limit of 0.05 mg/l) and the water was partially renewed whenever the nitrate con-
centration reached 25 mg/l. The water pH was 7, the conductivity ranged between 400 and 500 micro-Siemens, 
the degrees of total hardness ranged between 7 and 14 and the degrees of carbonate hardness (dKH) was 6. The 
phosphate (PO4) levels were <1 mg/l, and no copper (Cu) or chlorine (Cl2) was detected.
The zebrafish were fed three times a day (10 am, 2 pm and 6 pm) with a commercial dry granular food 
(TropiGranMIX, Dajanapet) by using automatic fish feeders (Eden 90, Eden Water paradise, Germany). Food 
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(0.5 g/day) was administered to each tank, allowing zebrafish at both temperatures to feed themselves accord-
ing to their appetite. The average mass (±SEM) at the beginning and at the end of the thermal treatment was, 
respectively, 0.27 ± 0.02 g and 0.29 ± 0.02 g at 26 °C and 0.28 ± 0.02 and 0.30 ± 0.03 at 34 °C. A two-way ANOVA 
(2×2, temperature x start/end treatment) analysis detected no statistically significant differences among masses 
(P > 0.33) (Supplementary Table S1 and Fig. 1). At the end of the behavioural tests, the average total length of 
the zebrafish was 3.18 ± 0.07 cm at 26 °C and 3.16 ± 0.06 cm at 34 °C, and a Student’s t-test for unpaired samples 
detected no difference in zebrafish length between the two temperatures (P > 0.83).
The salinity was checked with a handheld refractometer. Faeces and uneaten food were removed from the 
tanks at least three times per week. During the tank-cleaning operations, a water exchange of approximately 
20–30% per week was performed to restore the correct volume of water and to maintain its chemical and physical 
parameters.
Behavioural tests: general design. The day after the end of the thermal treatment (22nd day), a total of 
12 individuals from each home tank was subjected to a battery of four tests to evaluate different aspects of behav-
iour; the remaining 3 zebrafish were stored for future mRNA expression analysis. To minimize the interference 
between the different tests31,32, the NTT and LDT were performed alternately as the first or second test, whereas 
the SPT and MBT were performed alternately as the third or fourth test. Each individual zebrafish was captured 
by using a beaker and transferred from the home tank to the waiting tank (W15 x D10 x H10 cm) for 30 min until 
the beginning of the behavioural test8. The temperature of the water in all the tanks used in the behavioural tests 
was the same as the home tank in which the animal had been housed and was held constant at 26 °C or 34 °C 
with a maximum variation of 1 °C between the beginning and the end of each test. The duration of each test was 
10 min. After each test, the zebrafish was transferred directly into the experimental tank for the next behavioural 
test using a beaker. After each test, the water was removed, and the apparatus was rinsed and filled with clean 
water. The tanks were not aerated during testing to avoid disturbing the animals. In the room, diffuse lighting was 
used to avoid directional lighting that could interfere with zebrafish behaviour. All tests were video-recorded by 
a webcam (Logitech C170) that was placed one metre above (LDT) or in front of (NTT, SPT and MBT) of each 
apparatus. The tests were conducted in May 2017 between 10 am and 5 pm.
Novel tank diving test. Individual zebrafish were subjected to the NTT to evaluate locomotor activity and 
anxiety. The apparatus consisted of a glass transparent tank with a lower triangular base33 and 30-cm sides and 
was filled with 4.7 l of water (Fig. 2a). To measure vertical exploratory activity, the tank was virtually divided into 
three equal horizontal areas (bottom, middle and top). The parameters recorded were the number and duration 
of immobile phases (sec), distance travelled (m), average and maximum speed (m/sec), total number of rota-
tions, ratio between clockwise (CW) and counter-clockwise (CCW) rotations, absolute turn angle (the sum of the 
absolute angles between each movement vector of the animal, in degrees), number of bottom/middle/top entries, 
distance travelled within the bottom/middle/top area (m), time spent in the bottom/middle/top area (sec), mean-
dering (the change in direction of movement relative to the distance moved, whose value is the result of the abso-
lute turn angle divided by the total distance travelled in deg/m) and latency to enter the top area (sec). In addition, 
the number of transitions to the top area, time spent and distance travelled in the top area were measured over 
time at 1-min intervals throughout the duration of the test.
Light and dark preference test. The LDT was performed in a rectangular plastic tank (L33 × W18 × H18 
cm) divided into two compartments of equal size (Fig. 2b). The lateral walls and the base of one half of the appara-
tus consisted of black plastic, whereas the other half consisted of opaque white plastic. The dark side was shielded 
from ambient light with an opaque black lid34, and the tank was filled with 4 l of water. In the middle of the tank, 
two transparent transverse septa restricted the passage between the two areas (6 cm) to prevent the zebrafish from 
freely swimming from one area to the other. Two transparent sliding doors (W18 × H18 cm) defined a central 
Figure 1. Zebrafish mass at the beginning and end of the thermal treatment. Data are expressed as the mean ± 
S.E.M. and were analysed by two-way ANOVA. No significant differences were detected (p > 0.33).
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area (W7 × D18 × H18 cm) that was half black and half white where the zebrafish was housed before starting 
the test. The experimental subject was placed in the central area and left to settle; the two sliding doors were then 
lifted simultaneously to allow the zebrafish to move between the black and white areas for 10 min. The parameters 
analysed were the time spent in the bright area (sec) and the number of passages between the two areas.
Mirror biting test. The MBT apparatus consisted of a barrel tank (W28 × D25 × H16 cm) filled with 4 l of 
water and equipped with a mirror (D16 × H14 cm) (Fig. 2c). The zebrafish was placed in the tank and left to set-
tle, and the mirror was then tilted at an angle of 22.5° on the long side of the tank31,35,36. The position of the mirror 
(whether the reflected image was closer to the left or right side of the aquarium) was balanced between the tests. 
The parameters analysed were the time spent in the mirror area (sec), number of times crossing the lines denoting 
the mirror area, number of times that the fish bit the mirror and latency to the first mirror bite (sec).
Social preference test. The experimental setting in this test consisted of three rectangular tanks (W28 × 
D25 × H16 cm) (empty, experimental and conspecific) aligned side by side in a horizontal line (Fig. 2d). Each tank 
was filled with 4 l of water.
The experimental tank was located in the middle and houses the experimental subject. One of the two adjacent 
tanks contained three zebrafish of the same size and age as the test subject and represented the social stimulus 
(conspecific tank); the other tank was left empty. The position of the group (on the left or right of the experimental 
tank) was balanced between tests.
At the beginning of the test, two black panels were positioned between the tanks to prevent the experimental 
subject from seeing the other tanks. The zebrafish was placed in the tank and left to settle, and the two panels were 
then gently removed, and the fish was allowed to swim freely for 10 min. The experimental tank was divided into 
three virtual areas. The area closest to the conspecific tank was designated as the “social area”, where the fish was 
assumed to prefer visual interaction with conspecifics. The parameters analysed were the number of immobile 
episodes, time immobile (sec), total distance travelled (m), average and maximum speed (m/sec), total number 
of rotations, number of CW and CCW rotations, absolute turn angle (deg), meandering (deg/m), time spent in 
the social area (sec), distance travelled in the social area (m), and latency to first entry into the social area (sec).
Video tracking and statistical analysis. The recording sessions lasted 10 min each and videos were 
analysed using the ANY-Maze® software (trial version, Stoelting Co., Wood Dale, IL, USA). The results were 
expressed as the mean ± SEM. The data were subjected to a Student’s t-test for unpaired samples (data shown in 
Figs. 3–8) or an ANOVA with a post hoc test utilizing a Bonferroni correction (data shown in Figs. 1 and 4d–f). 
Differences were considered to be statistically significant at P ≤ 0.05. All statistical analyses were performed using 
Origin Pro 2018 software. CorelDRAW® X7 and Microsoft Power Point were used for figure design.
Figure 2. Schematic representation of the experimental design. The adult zebrafish were maintained for 21 
days at 26 °C (control) and 34 °C (treatment). After thermal treatment, the fish were subjected to a battery of 
behavioural tests: NTT (a), LDT (b), MBT (c) and SPT (d). Behaviour was video-recorded for 10 min in each 
test.
5Scientific RepoRtS |         (2020) 10:5385  | https://doi.org/10.1038/s41598-020-62331-1
www.nature.com/scientificreportswww.nature.com/scientificreports/
Results
Novel tank diving test. The NTT evaluates the response to anxiety evoked by novelty. Although not statis-
tically significant, a reduction in the number (P = 0.2473, Fig. 3a) and duration (P = 0.1304, Fig. 3b) of immobile 
episodes (freezing) was observed in treated zebrafish. The parameters related to animal locomotor and swimming 
Figure 3. Novel environment exploration behaviour in the NTT. Immobile episodes (a), time immobile (b), 
maximum speed (c), average speed (d), total distance travelled (e), transition between areas (f), total rotations 
(g), clockwise (CW) and counter-clockwise (CCW) rotations (h), absolute turn angle (i), and latency to enter 
the top area (j). Data are expressed as the mean ± S.E.M. and were analysed by unpaired Student’s t-test. 
*P ≤ 0.05; **P ≤ 0.01, N = 12.
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activity such as the maximum (P = 0.0181, Fig. 3c) and average (P = 0.0270, Fig. 3d) speed, total distance trav-
elled (P = 0.0266, Fig. 3e), and the number of line crossings between the horizontal areas (bottom, middle and 
top) (P = 0.0414, Fig. 3f) significantly increased in zebrafish maintained at 34 °C compared with the controls. No 
significant differences (P > 0.05) were found in the total number of rotations (Fig. 3g), the ratio of CW and CCW 
rotations (Fig. 3h) or the absolute turn angle (Fig. 3i). Moreover, at 34 °C, a lower latency (P = 0.0192) to enter the 
top area was observed compared with the control subjects (Fig. 3j).
Vertical exploration increased in zebrafish at 34 °C compared with zebrafish at 26 °C, as indicated by a 
longer time spent (P = 0.0305, Fig. 4a), distance travelled (P = 0.0090, Fig. 4b) and number of transitions by fish 
(P = 0.0038, Fig. 4c) in the top area. To assess whether exploration of the top area was modulated over time, a 
more detailed analysis was performed at 1-min intervals using a two-way repeated measures ANOVA (2×10, 
temperature x time). No differences in exploratory activity over time were observed as measured by the time spent 
Figure 4. Top area exploration in the NTT. Time spent (a,d), distance travelled (b,e) and number of transitions 
(c,f). Total (a–c) and 1-min interval (d–f) analyses are reported. Data are expressed as the mean ± S.E.M. and 
were analysed by unpaired Student’s t-test (a–c) and by repeated measures ANOVA (d–f). *P ≤ 0.05; **P ≤ 0.01, 
N = 12. (d–f) Solid and dotted lines refer to 26 °C and 34 °C, respectively.
Figure 5. Scototaxis behaviour in the LDT. Time spent in the bright area (a) and number of passages between 
bright and dark areas (b). Data are expressed as the mean ± S.E.M. and were analysed by unpaired Student’s 
t-test. *P ≤ 0.05; N = 12.
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in the top area (F9,198 = 0.8965, P = 0.5294, Fig. 4d), distance travelled in the top area (F9,198 = 1.0264, P = 0.3731, 
Fig. 4e) or transitions to the top area (F9,198 = 1.2079, P = 0.2919, Fig. 4f).
Light and dark preference test. The analysis of the results from the LDT showed that the adaptation to 
34 °C involves an increased preference for the bright area, where treated zebrafish spent more time (53.5% of the 
Figure 6. Shoaling behaviour in the SPT: whole tank analysis. Immobile episodes (a), time immobile (b), 
maximum speed (c), average speed (d), total distance travelled (e), transition between areas (f), total rotations 
(g), clockwise (CW) and counter-clockwise (CCW) rotations (h), absolute turn angle (i), and meandering (j). 
Data are expressed as the mean ± S.E.M. and were analysed by unpaired Student’s t-test. *P ≤ 0.05 **P ≤ 0.01, 
N = 12.
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total time) than the control zebrafish (15.5% of the total time) (P = 0.0197, Fig. 5a). Treated zebrafish also exhib-
ited a tendency for a higher number of crossings between the two compartments of the apparatus (P = 0.0888, 
Fig. 5b).
Social preference test. In the SPT, no significant differences were found in the number (P = 0.1522, Fig. 6a) 
or duration (P = 0.1728, Fig. 6b) of immobility events or in the average speed (Fig. 6d) or distance travelled 
(Fig. 6e) between treated and control subjects. Zebrafish at 34 °C showed a significant reduction in the maxi-
mum speed (P = 0.0193, Fig. 6c), total number of rotations (P < 0.0004, Fig. 6g), CW (P = 0.0206) and CCW 
(P < 0.0004) (Fig. 6h) rotations, absolute turn angle (P < 0.0004, Fig. 6i) and meandering (P = 0.0211, Fig. 6j).
Although the number of entries into the conspecific area was similar in treated and control zebrafish 
(P = 0.9282, Fig. 7a), a significant decrease in the time spent (P = 0.0190, Fig. 7b) and the distance travelled 
(P = 0.0126, Fig. 7c) was measured at 34 °C. Treated fish exhibited a tendency for increased latency to first entry 
into the social area (P = 0.0566, Fig. 7d).
Mirror biting test. In the MBT, no statistically significant differences were found in the number of entries 
to (P = 0.5682, Fig. 8a) or in the time spent in (P = 0.1722, Fig. 8b) the mirror approach zone, or in the number 
of bites (P = 0.6908, Fig. 8c), whereas a significant reduction in the latency to the first bite was observed in the 
zebrafish at 34 °C (P < 0.0001, Fig. 8d).
Discussion
In the present study, we documented the effect of a temperature increase on adult zebrafish by providing evi-
dence that exposure to 34 °C for 21 days changes behavioural parameters compared with the control temperature 
(26 °C). The experimental subjects underwent four behavioural tests that allowed us to evaluate different aspects 
of behaviour such as vertical exploration of the water column (NTT), scototaxis (LDT), social interest (SPT) and 
aggression (MBT). The results indicate that heat treatment alters the animal’s anxiety state and the behaviour of 
zebrafish in a new environment.
In the NTT, anxiety-like behaviour consists of dwelling on the bottom of the tank, whereas exploration of 
the more superficial zones corresponds to a greater boldness of the animal34,37–39. This has been confirmed by 
experiments conducted on zebrafish using the NTT, in which the administration of anxiolytic compounds such 
as desipramine, citalopram, diazepam and LSD33,38,40 increased the exploration of the surface regions. Consistent 
with published data, in our experiments, the control fish dwelt mainly at the bottom and exhibited freezing 
events37,39–41, whereas the heat-treated fish spent more time in the top area, suggesting an anxiolytic effect.
To further investigate how the thermal increase alters the natural behaviour of the animal, zebrafish were 
subjected to a LDT that assesses an animal’s preference for staying in dark protected environments or exploring 
bright open environments, where the risk of being identified and predated is higher. In this test, an increase in the 
Figure 7. Shoaling behaviour in the SPT: conspecific area analysis. Parameters analysed in the conspecific 
compartment: number of entries (a), time spent (b), distance travelled (c), and latency to first entry (d). Data are 
expressed as the mean ± S.E.M. and were analysed by unpaired Student’s t-test. *P ≤ 0.05, N = 12.
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time spent in the bright compartment following a specific treatment is interpreted as an anti-anxiety effect42, and 
it has been reported that treatment with anxiolytic compounds such as chlordiazepoxide and ethanol increase the 
preference for bright areas in zebrafish33. In our study, zebrafish maintained at 34 °C increased the number of pas-
sages between dark and light sectors as well as the time spent in the bright area, which shows an increased motiva-
tion for exploring the open environment despite the possible risk. In our study, the dark compartment was created 
with black walls and by covering the dark sector with cardboard, as has been done previously31,34,43. A recent study 
has shown that, depending on the type of apparatus and the experimental protocol used, the LDT can confuse the 
preference for a shaded background with a preference for illumination level44. According to these observations, 
the dark area used in our study, which was obtained by covering one entire side, constitutes a cave-like area that 
in the natural environment could correspond to shelters behind stones and leaves, and the light area corresponds 
to an open environment such as the middle of a pond far from the grass and the foliage.
To assess whether heat treatment influences social behaviour and the interest in conspecifics, we conducted 
experiments using the SPT. Zebrafish at 26 °C showed interest in conspecifics and this reflects the social and coop-
erative nature of the animal45. Numerous studies agree that the main function of shoaling is predator avoidance 
and that an increase in shoaling can be associated with increased anxiety46–50. In support of this interpretation, it 
has been reported that the use of anxiolytic drugs reduces shoaling in zebrafish50,51. In our study, heat treatment 
reduced the interest in conspecifics. This behaviour suggests an anxiolytic effect of thermal increase that could be 
caused by a reduced ability of the experimental subjects to recognize conspecifics, a reduced interest in conspe-
cifics or an actual reduction in anxiety.
Finally, the effect of heat treatment on the aggressiveness of zebrafish was tested using the MBT. At 34 °C, a 
shorter latency to the first bite was observed compared with the controls. Similarly, when the Neotropical cichlid 
fish Cichlasoma paranaense was subjected to a thermal increment from 27 °C to 33 °C, it showed an increased ten-
dency for aggressive episodes, and significant differences were detected over a wider thermal range (21–33 °C)52. 
Overall, our MBT results are consistent with an increase in zebrafish boldness at high temperature.
Data collected in the present study demonstrate that adaptation for 21 days at 34 °C caused an impairment of 
natural zebrafish behaviour and corroborates previous results that showed how the same heat treatment can alter 
the expression of brain proteins that are involved in important cellular events such as synaptic plasticity and neu-
rotransmitter release, thereby altering zebrafish cognitive abilities8. This suggests that the behavioural alteration 
induced by heat treatment may be a consequence of neurochemical alterations. However, given the complexity of 
the alterations induced by temperature in the CNS, any direct association between the variation in a single protein 
or a single pathway and changes in behaviour is purely speculative, and further studies are needed to circumscribe 
the neurochemical alterations underlying the observed behavioural changes.
Figure 8. Aggressive behaviour in the MBT. Mirror approach area: entries (a), time (b), mirror bites (c) and 
mirror-biting latency (d). Data are expressed as the mean ± S.E.M. and were analysed by unpaired Student’s 
t-test; **P ≤ 0.01, N = 12.
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The results of the four behavioural tests show that zebrafish at 34 °C reduce the time spent in safe environ-
ments as represented by the bottom of the tank, the dark/protected area and shoal cohesion and instead perform 
forays into potentially risky environments such as the top area of the tank, the uncovered/bright area and zones 
far from the social group that could guarantee better protection. The alteration of the CNS revealed by previous 
proteomic studies thus appears to alter the exploratory behaviour of zebrafish.
Although the purpose of the tests performed was not to mimic natural conditions, it is nevertheless interesting 
to note that the behaviours shown by experimental subjects at 34 °C would expose zebrafish living in the natural 
environment to a greater risk of predation. Given that the zebrafish lives in regions of South-East Asia that are 
characterized by wide seasonal variations ranging from 6 °C in winter to more than 34 °C in summer26, and that 
predictive scenarios estimate a temperature increase of 1.4–5.8 °C by 210053,54, it can be assumed that in the 
future, zebrafish will be exposed more frequently to a temperature of 34 °C in the natural environment. Future 
experiments will be conducted by our group to verify whether the same effects observed in this study after 21 
days can be induced by shorter exposure (a few days) at the same temperature. These studies will contribute to an 
understanding of the impact of temperature increases on zebrafish behaviour.
Data availability
The datasets generated during the current study are available in the figshare repository (https://doi.org/10.6084/
m9.figshare.9861218).
Received: 20 September 2019; Accepted: 12 March 2020;
Published: xx xx xxxx
References
 1. Beitinger, T. L., Bennett, W. A. & McCauley, R. W. Temperature tolerances of North American freshwater fishes exposed to dynamic 
changes in temperature. Environ. Biol. Fish 58, 237–275, https://doi.org/10.1023/A:1007676325825 (2000).
 2. Brett, J. R. Energetic Responses of Salmon to Temperature. A study of some thermal relations in the physiology and freshwater 
ecology of sockeye salmon (Oncorhynchus nerkd). Integr. Comp. Biol. 11, 99–113, https://doi.org/10.1093/icb/11.1.99 (1971).
 3. Toni, M., Angiulli, E., Malavasi, S., Alleva, E. & Cioni, C. Variation in environmental parameters in research and aquaculture: effects 
on behaviour, physiology and cell biology of teleost fish. J. Aquac. Mar. Biol. 5, 00137, https://doi.org/10.15406/jamb.2017.05.00137 
(2017).
 4. Toni, M. et al. Review: Assessing fish welfare in research and aquaculture, with a focus on European directives. Animal 13, 161–170, 
https://doi.org/10.1017/S1751731118000940 (2019).
 5. Pörtner, H. O. Climate variations and the physiological basis of temperature dependent biogeography: systemic to molecular 
hierarchy of thermal tolerance in animals. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 132, 739–761, https://doi.org/10.1016/
S1095-6433(02)00045-4 (2002).
 6. Malavasi, S. et al. Effects of temperature on the antipredator behaviour and on the cholinergic expression in the European sea bass 
(Dicentrarchus labrax L.) juveniles. Ethology 119, 592–604, https://doi.org/10.1111/eth.12100 (2013).
 7. Manciocco, A. et al. The acclimation of european sea bass (Dicentrarchus labrax) to temperature: behavioural and neurochemical 
responses. Ethology 121, 68–83, https://doi.org/10.1111/eth.12315 (2015).
 8. Toni, M. et al. Environmental temperature variation affects brain protein expression and cognitive abilities in adult zebrafish (Danio 
rerio): A proteomic and behavioural study. J. Proteomics, 103396, https://doi.org/10.1016/j.jprot.2019.103396 (2019).
 9. Chen, I. C., Hill, J. K., Ohlemuller, R., Roy, D. B. & Thomas, C. D. Rapid range shifts of species associated with high levels of climate 
warming. Science 333, 1024–1026, https://doi.org/10.1126/science.1206432 (2011).
 10. Currie, S. & Schulte, P. M. Neuronal regeneration. In: The physiology of fishes (eds. Evans D. H., Claiborne J. B. & Currie S.), 257–287 
(CRC Press, 2014).
 11. Januchowski-Hartley, S. R. et al. Restoring aquatic ecosystem connectivity requires expanding inventories of both dams and road 
crossings. Front. Ecol. Environ. 11, 211–217, https://doi.org/10.1890/120168 (2013).
 12. Maitland, B. M., Poesch, M., Anderson, A. E. & Pandit, S. N. Industrial road crossings drive changes in community structure and 
instream habitat for freshwater fishes in the boreal forest. Freshw. Biol. 61, 1–18, https://doi.org/10.1111/fwb.12671 (2016).
 13. Xie, Y. et al. Lef1-dependent hypothalamic neurogenesis inhibits anxiety. PLoS Biol. 15, e2002257, https://doi.org/10.1371/journal.
pbio.2002257 (2017).
 14. Mohammad, F. et al. Ancient anxiety pathways influence drosophila defense behaviors. Curr. Biol. 26, 981–986, https://doi.
org/10.1016/j.cub.2016.02.031 (2016).
 15. Scott, G. R. & Sloman, K. A. The effects of environmental pollutants on complex fish behaviour: integrating behavioural and 
physiological indicators of toxicity. Aquat. Toxicol. 68, 369–392, https://doi.org/10.1016/j.aquatox.2004.03.016 (2004).
 16. Weber, D. N., Weber, D.N. & Spieler, R. E. Behavioral mechanisms of metal toxicity in fishes. In: Aquatic Toxicology: Molecular, 
Biochemical and Cellular Perspectives. (eds. Malins, D. C. & Ostrander, G. K.) 421–467 (CRC Press, 1994).
 17. Cossins, A. R. & Crawford, D. L. Fish as models for environmental genomics. Nat. Rev. Genet. 6, 324–333, https://doi.org/10.1038/
nrg1590 (2005).
 18. Tort, L. & Teles, M. Genomic responses to stress challenges in fish. Functional Genomics in Aquaculture 7, 147–168 (2012).
 19. Bao, W. et al. Opioid neurobiology, neurogenetics and neuropharmacology in zebrafish. Neuroscience 404, 218–232, https://doi.
org/10.1016/j.neuroscience.2019.01.045 (2019).
 20. Orger, M. B. & de Polavieja, G. G. Zebrafish behavior: opportunities and challenges. Annu. Rev. Neurosci. 40, 125–147, https://doi.
org/10.1146/annurev-neuro-071714-033857 (2017).
 21. Bambino, K. & Chu, J. Zebrafish in toxicology and environmental health. Curr. Top. Dev. Biol. 124, 331–367, https://doi.org/10.1016/
bs.ctdb.2016.10.007 (2017).
 22. Seok, S. H. et al. In vivo alternative testing with zebrafish in ecotoxicology. J. Vet. Sci. 9, 351–357, https://doi.org/10.4142/
jvs.2008.9.4.351 (2008).
 23. Cortemeglia, C. & Beitinger, T. L. Temperature tolerances of wild-type and red transgenic zebra danios. Trans. Am. Fish. Soc. 134, 
1431–1437, https://doi.org/10.1577/T04-197.1 (2005).
 24. Schaefer, J. & Ryan, A. Developmental plasticity in the thermal tolerance of zebrafish Danio rerio. J. Fish Biol. 69, 722–734, https://
doi.org/10.1111/j.1095-8649.2006.01145.x (2006).
 25. López-Olmeda, J. F. & Sánchez-Vázquez, F. J. Thermal biology of zebrafish (Danio rerio). J. Therm. Biol. 36, 91–104, https://doi.
org/10.1016/j.jtherbio.2010.12.005 (2011).
 26. Spence, R., Gerlach, G., Lawrence, C. & Smith, C. The behaviour and ecology of the zebrafish, Danio rerio. Biol. Rev. Camb. Philos. 
Soc. 83, 13–34, https://doi.org/10.1111/j.1469-185X.2007.00030.x (2008).
1 1Scientific RepoRtS |         (2020) 10:5385  | https://doi.org/10.1038/s41598-020-62331-1
www.nature.com/scientificreportswww.nature.com/scientificreports/
 27. Kysil, E. V. et al. Comparative analyses of zebrafish anxiety-like behavior using conflict-based novelty tests. Zebrafish 14, 197–208, 
https://doi.org/10.1089/zeb.2016.1415 (2017).
 28. Pham, M. et al. Assessing social behavior phenotypes in adult zebrafish: shoaling, social preference, and mirror biting tests. In: 
Zebrafish Protocols for Neurobehavioral Research. Neuromethods (eds. Kalueff A. & Stewart A.) 231–246 (Humana Press, 2012).
 29. Westerfield, M. The Zebrafish Book. A Guide for the Laboratory Use of Zebrafish (Danio rerio). (Oregon Press 1995).
 30. Cachat, J. et al. Measuring behavioral and endocrine responses to novelty stress in adult zebrafish. Nat. Protoc. 5, 1786–1799, https://
doi.org/10.1038/nprot.2010.140 (2010).
 31. Gerlai, R., Lahav, M., Guo, S. & Rosenthal, A. Drinks like a fish: zebrafish (Danio rerio) as a behavior genetic model to study alcohol 
effects. Pharmacol. Biochem. Behav. 67, 773–782, https://doi.org/10.1016/s0091-3057(00)00422-6 (2000).
 32. Blaser, R. & Gerlai, R. Behavioral phenotyping in zebrafish: comparison of three behavioral quantification methods. Behav. Res. 
Methods 38, 456–469 (2006).
 33. Sackerman, J. et al. Zebrafish behavior in novel environments: effects of acute exposure to anxiolytic compounds and choice of 
Danio rerio Line. Int. J. Comp. Psychol. 23, 43–61 (2010).
 34. Champagne, D. L., Hoefnagels, C. C., de Kloet, R. E. & Richardson, M. K. Translating rodent behavioral repertoire to zebrafish 
(Danio rerio): relevance for stress research. Behav. Brain Res. 214, 332–342, https://doi.org/10.1016/j.bbr.2010.06.001 (2010).
 35. Norton, W. H. et al. Modulation of Fgfr1a signaling in zebrafish reveals a genetic basis for the aggression-boldness syndrome. J. 
Neurosci. 31, 13796–13807, https://doi.org/10.1523/JNEUROSCI.2892-11.2011 (2011).
 36. Barbosa, H. P., Lima-Maximino, M. G. & Maximino, C. Acute fluoxetine differently affects aggressive display in zebrafish 
phenotypes. Aggres. Behav. 45, 62–69, https://doi.org/10.1002/ab.21797 (2019).
 37. Levin, E. D., Bencan, Z. & Cerutti, D. T. Anxiolytic effects of nicotine in zebrafish. Physiol. Behav. 90, 54–58, https://doi.
org/10.1016/j.physbeh.2006.08.026 (2007).
 38. Bencan, Z., Sledge, D. & Levin, E. D. Buspirone, chlordiazepoxide and diazepam effects in a zebrafish model of anxiety. Pharmacol. 
Biochem. Behav. 94, 75–80, https://doi.org/10.1016/j.pbb.2009.07.009 (2009).
 39. Egan, R. J. et al. Understanding behavioral and physiological phenotypes of stress and anxiety in zebrafish. Behav. Brain Res. 205, 
38–44, https://doi.org/10.1016/j.bbr.2009.06.022 (2009).
 40. Grossman, L. et al. Characterization of behavioral and endocrine effects of LSD on zebrafish. Behav. Brain. Res. 214, 277–284, 
https://doi.org/10.1016/j.bbr.2010.05.039 (2010).
 41. Wong, K. et al. Analyzing habituation responses to novelty in zebrafish (Danio rerio). Behav. Brain Res. 208, 450–457, https://doi.
org/10.1016/j.bbr.2009.12.023 (2010).
 42. Maximino, C., Marques de Brito, T., Dias, C. A., Gouveia, A. Jr. & Morato, S. Scototaxis as anxiety-like behavior in fish. Nat. Protoc. 
5, 209–216, https://doi.org/10.1038/nprot.2009.225 (2010).
 43. Blaser, R. E. & Penalosa, Y. M. Stimuli affecting zebrafish (Danio rerio) behavior in the light/dark preference test. Physiol. Behav. 104, 
831–837, https://doi.org/10.1016/j.physbeh.2011.07.029 (2011).
 44. Facciol, A., Iqbal, M., Eada, A., Tran, S. & Gerlai, R. The light-dark task in zebrafish confuses two distinct factors: Interaction 
between background shade and illumination level preference. Pharmacol. Biochem. Behav. 179, 9–21, https://doi.org/10.1016/j.
pbb.2019.01.006 (2019).
 45. Saverino, C. & Gerlai, R. The social zebrafish: behavioral responses to conspecific, heterospecific, and computer animated fish. 
Behav. Brain Res. 191, 77–87, https://doi.org/10.1016/j.bbr.2008.03.013 (2008).
 46. Fernandes, Y. & Gerlai, R. Long-term behavioral changes in response to early developmental exposure to ethanol in zebrafish. 
Alcohol Clin. Exp. Res. 33, 601–609, https://doi.org/10.1111/j.1530-0277.2008.00874.x (2009).
 47. Buske, C. & Gerlai, R. Early embryonic ethanol exposure impairs shoaling and the dopaminergic and serotoninergic systems in adult 
zebrafish. Neurotoxicol. Teratol. 33, 698–707, https://doi.org/10.1016/j.ntt.2011.05.009 (2011).
 48. Seguin, D., Shams, S. & Gerlai, R. Behavioral Responses to Novelty or to a Predator Stimulus Are Not Altered in Adult Zebrafish by 
Early Embryonic Alcohol Exposure. Alcohol. Clin. Exp. Res. 40, 2667–2675, https://doi.org/10.1111/acer.13249 (2016).
 49. Miller, N. Y. & Gerlai, R. Shoaling in zebrafish: what we don’t know. Rev. Neurosci. 22, 17–25, https://doi.org/10.1515/RNS.2011.004 
(2011).
 50. Baggio, S., Mussulini, B. H., de Oliveira, D. L., Gerlai, R. & Rico, E. P. Embryonic alcohol exposure leading to social avoidance and 
altered anxiety responses in adult zebrafish. Behav. Brain Res. 352, 62–69, https://doi.org/10.1016/j.bbr.2017.08.039 (2018).
 51. Hamilton, T. J. et al. Establishing zebrafish as a model to study the anxiolytic effects of scopolamine. Sci. Rep. 7, 15081, https://doi.
org/10.1038/s41598-017-15374-w (2017).
 52. Brandão, M. L. et al. Water temperature affects aggressive interactions in a Neotropical cichlid fish. Neotrop. Ichthyol. 16, https://doi.
org/10.1590/1982-0224-20170081 (2018).
 53. Houghton, J. T. et al. Climate change 2001: the scientific basis. (The Press Syndicate of the University of Cambridge, 2001).
 54. Pachauri, R. K. et al. Climate change 2014: synthesis report. Contribution of Working Groups I, II and III to the fifth assessment report 
of the Intergovernmental Panel on Climate Change, IPCC. Available online at https://ar5-syr.ipcc.ch (2014).
Acknowledgements
This study was supported by FIRB (Futuro in Ricerca 2012, RBFR12QW4I_002) and by Sapienza University of 
Rome (Progetti di Ricerca 2016, RM116154BDC475AD).
Author contributions
Conception and design of study: E.An. and M.T.; housing and maintaining animals: F.F. and F.P.; acquisition of 
data: E.An. and M.T.; data analysis and/or interpretation: E.An., V.P., and M.T.; original draft: E.An. and M.T.; 
writing/review: C.C. and E.Al.; funding acquisition: M.T. All authors read and approved the final manuscript.
competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-62331-1.
Correspondence and requests for materials should be addressed to M.T.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
1 2Scientific RepoRtS |         (2020) 10:5385  | https://doi.org/10.1038/s41598-020-62331-1
www.nature.com/scientificreportswww.nature.com/scientificreports/
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020
